Hydrodynamics and heat transfer in micro/nano channels filled with porous media for different porosities and Knudsen numbers, Kn, ranging from 0.1 to 10, are considered. The performance of standard lattice Boltzmann method (LBM) is confined to the microscale flows with a Knudsen number less than 0.1. Therefore, by considering the rarefaction effect on the viscosity and thermal conductivity, a modified thermal LBM is used, which is able to extend the ability of LBM to simulate wide range of Knudsen flow regimes. The present study reports the effects of the Knudsen number and porosity on the flow rate, permeability, and mean Nusselt number. The Knudsen's minimum effect for micro/nano channels filled with porous media was observed. In addition to the porosity and Knudsen number, the obstacle sizes have important role in the heat transfer, so that enhanced heat transfer is observed when the obstacle sizes decrease. For the same porosity and Knudsen number, the inline porous structure has the highest heat transfer performance.
Introduction
Recent technological developments have made it possible to design various micro/nano devices such as micro/nano channels, nozzles, and pumps, where fluid flow and heat transfer are involved. For example, an electroosmotic micropump was fabricated by Ai et al. [1] by using a thin nanoporous anodic Aluminum oxide membrane with the pore sizes about 200 nm. Also, the photoelectrical wet etching method was used by Jiang et al. [2] to fabricate a nanochannel embedded with the nanoporous structures to fabricate light-emitting diodes (LEDs). In another work, nanoporous silicon with average pore size less than 20 nm is produced by electrochemical etching method [3] . Furthermore, Ohba [4] introduced porous materials with average pore sizes from 0.7 nm to 2.9 nm, which can be fitted into nano channels by using electrochemical methods.
In micro/nano devices, porous media can be used for microfiltration, fractionation, catalysis and microbiology related applications [5] . For example, micropacked beds or sintered metal fibers can be used in microstructured reactors for catalytic reaction [6, 7] and the filter medium prepared from commercially available glass fibers of 70-140 lm thickness is suitable for applications in bio filtration systems [8] . Also, charged porous media structures have been employed in microdevices to magnify the pumping [9, 10] , mixing [11, 12] , and separating [13] effects.
Micro-heat-exchangers can be applied in many important fields: micro-electronics, aviation and aerospace, medical treatment, biological engineering, materials sciences, cooling of high temperature superconductors, thermal control of film deposition, cooling of powerful laser mirrors, and other applications where lightweight, small heat exchangers are required. Compared with conventional heat exchangers, the main advantage of the micro-heat exchangers is their extremely high heat transfer area per unit volume [14] . Previous results have shown that flow through porous media can greatly enhance the convection heat transfer [15, 16] .
The use of porous media in the micro/nano heat exchangers can verify this phenomenon. The microporous heat exchangers have better heat transfer performance than the microchannel heat exchangers [17, 18] .
Conventional numerical methods using the Navier-Stokes equations fail to predict some aspects of micro/nano flows such as nonlinear pressure distribution, increase mass flow rate, slip flow and temperature jump at the solid boundaries. This is because of the fact that when the mean free path, k, of the molecules becomes comparable to the characteristic length of the flow domain, the continuum flow model (Navier-Stokes equations) breaks down and the Knudsen number, defined as the ratio of the molecular mean free path to the characteristic length of the system, increases. For Kn < 10 À3 the continuity assumption with no slip boundary conditions is valid. For 10 À3 < Kn < 10 À1 (slip flow regime) the velocity and temperature of the gas near the wall are no longer equal to the wall velocity and temperature, respectively, and for Kn > 10 À1 (transition and free molecular flow regime) the continuity assumption is under question [19] .
This necessitates the development of new computational methods which depend on the kinetic theory that are both accurate and computationally efficient. Recently, the lattice Boltzmann method (LBM) has received considerable attention to simulate slip flow regimes in microchannels [20] [21] [22] and microporous media [23] but only a few papers can be mentioned for the use of LBM in transition regime [24] [25] [26] [27] [28] [29] [30] . Though the LBM depends on the Boltzmann equation, which is valid in the whole rarefaction regimes, the performance of standard LBM is confined to the microscale flows with Kn, less than 0.1. To cover a wide range of the flow regimes, in the previous works [31, 32] , a new relaxation time formulation, named as modified LBM, by considering the rarefaction effect on the viscosity and thermal conductivity is proposed. The modified LBM was also utilized in some researches. For example, Zhuo and Zhong [33] simulated the microchannel gas flows with a wide range of Knudsen numbers covering from the slip regime up to the entire transition regime via the D 2 Q 9 LBM. For all test cases conducted in this study, the results are found to be in quite good agreement with the solutions of the linearized Boltzmann equation, the results of the direct simulation Monte Carlo (DSMC) and IP-DSMC methods. Also, Liou and Lin [34] performed numerical simulations on the pressure-driven rarefied flow through channels with a sudden contraction-expansion of 2:1:2 using D 2 Q 9 and D 3 Q 19 lattice Boltzmann methods covering the slip and transition flow regimes. The numerically computed results are found to be in reasonably good agreement with the experimental ones. In another work, Li et al. [35] used this effective relaxation time with a multiple relaxation time LBM to account for the rarefaction effect on gas viscosity. The results, including the velocity profile, the nonlinear pressure distribution along the channel, and the mass flow rate, are in good agreement with the solution of the linearized Boltzmann equation, the DSMC results, and the experimental results over a broad range of Knudsen numbers. Kalarakis et al. [36] employed a single relaxation time model with this modified D 2 Q 9 lattice Boltzmann method to simulate flow between parallel plates and flow in porous media. They tested the modified LB method against the DSMC method in the simple case of a straight channel. It was found that the velocity profiles were reproduced with reasonable accuracy for Knudsen numbers in the range of 0.1-10. In addition, the permeability predictions of the two methods for computer-aided reconstructions of porous media are in very good agreement with each other over the entire transition flow regime. They concluded that the modified D 2 Q 9 LB method is suitable for prediction of the gas permeability in porous media over the entire slip and transition flow regimes.
Previous researches [37, 38] demonstrate the remarkable ability of LBM for modeling flow features in complicated geometries such as porous media. Therefore, the aim of the present article is to use the modified LBM to simulate gas flows in twodimensional micro/nano porous geometries in order to investigate the effect of various parameters such as porosity and Knudsen number on the volume flow rate, permeability, pressure drop, and Nusselt number.
Theory
2.1 Flow Through Porous Media. For relatively low Reynolds number flows between parallel plates with large aspect ratio, the inertial effects in the momentum equation can be neglected. Under such conditions, the momentum equation along the streamwise direction is reduced to the following form
where u is the axial velocity along the x direction, l is the dynamic viscosity of the fluid and p is the pressure. By using the second-order slip boundary conditions, this equation results in the following analytical solution for the corresponding volumetric flow rate [19] :
2l dp dx
where h is the channel height and C 1 and C 2 are the first-order and second-order slip coefficients, respectively. For creeping flows, moving with a slow steady velocity (Re < 1), the volumetric flow rate per unit cross-sectional area of porous medium, q, obtains through the Darcy's law
where k is the permeability. In comparison with Eq. (2), the following formula can be derived for k:
Thus, for micro-/nanoscale flows, the permeability depends only on the structure of the medium and the Knudsen number and is independent of the fluid viscosity. The mean Knudsen number is defined as
where R is the gas constant, T is the temperature, and p is the mean pressure of the channel inlet and outlet, ðp in þ p out Þ=2. Thus, the permeability can be written as
For Kn ( 1 the second-order correction term in Eq. (4) can be neglected. Therefore, the gas permeability is a linear function of 1= p. This is consistent with the Klinkenberg results [39] . The effect of 1= p 2 accounts for deviation from a straight line from the curve relating k and 1= p, especially for large Knudsen numbers.
In the present study, the permeability is calculated based on the flow rate and pressure drop. For the micro-/nanoscale flows, the rarefaction effects lead to a nonlinear pressure drop resembling an incompressible flow [19] . Therefore, the gas permeability should be evaluated using the solution of compressible gas flows [40] 
where p i , p o , q o , and L are the inlet pressure, outlet pressure, outlet velocity, and channel length, respectively. Then the Darcy number can be estimated using the following relation:
2.2 Lattice Boltzmann Method. The continuum Boltzmann equation is a fundamental model for rarefied gases in the kinetic theory [41, 42] 
where f ðt; x; nÞ is the probability of finding a molecule at position x with molecular velocity of n at time t, and Qðf ; f 0 Þ is a nonlinear collision integral term with f and f 0 being the pre-and postcollision probability distribution functions, respectively.
In this article, the two-distribution thermal lattice Boltzmann model based on the work of He et al. [43] is used, which utilizes two different distribution functions-one for the velocity field, f , and the other for the internal energy field,
where s f and s g are the relaxation times for the number and energy density distribution functions, respectively. The new variables f and g, which are introduced in order to have an explicit scheme, are defined as
f eq and g eq are the equilibrium distribution functions approximated as Maxwellian form given by Eqs. (14) and (15) 
; w i¼1;2;3;4 ¼ 1 9
; w i¼5;6;7;8 ¼ 1 36
In the present work, the nine velocity 2D model (D 2 Q 9 ), is used to discrete momentum space [44] . In this model, the discrete velocity field c i ¼ ðc ix ; c iy Þ is given by
where c ¼ Dx=Dt: Dx and Dt are lattice spacing and time step, respectively. The flow parameters are then calculated in terms of the particle distribution function f i and g i by
where t is the kinematic viscosity. In Refs. [31] and [32] , we proposed an effective relaxation time which can simulate flow features for wide range of Knudsen numbers, including the transition regime, as follows:
s g ¼ Prs eff (19) where Pr is the Prandtl number and H is the channel width in lattice units. In spite of the standard LBM, the velocity and temperature distributions, the volumetric flow rate and the local Nusselt number obtained from this modified LBM agree well with the other numerical and empirical results in a wide range of Knudsen numbers.
Results
3.1 Hydrodynamics. Isothermal Poiseuille flows in micro/ nano channels filled with porous media with different Knudsen numbers are simulated by using Eqs. (10), (14) , and (18) . For boundary conditions on the wall surfaces, the bounce-back boundary condition is coupled with specular reflection using a reflection coefficient r ¼ 0.7 as presented by Succi [45] . It should also be noted that this method is formulated in terms of f , not f and one needs to convert between f and f for using the boundary conditions. To achieve a nonlinear pressure drop, inlet and outlet pressures are imposed using the method proposed by Lim et al. [46] . At the inlet and outlet nodes, the unknown velocities u and v are computed from interior fluid nodes according to the extrapolation method. After the extrapolation, the unknown distribution functions are computed according to the equilibrium distribution functions.
Although the Bhatnagar-Gross-Krook (BGK) model is used extensively with specular reflective boundary condition (SRBC), some researchers have noticed that using the BGK model with the bounce back boundary condition and its combinations such as SRBC leads to certain defects in prediction of the slip velocity at the walls especially for high Kn flows, so that the slip velocity is a numerical artifact of the BGK model rather than a physical effect because of its dependence on the grid resolution [47] . This deficiency is viscosity dependent as a consequence of the viscosity dependence of the bounce back type boundary conditions with the BGK model, which leads to a severe problem for simulating flow through porous media because the permeability becomes viscosity dependent, while it should be a characteristic of the physical properties of porous medium alone [48] . Using the new relaxation time relation (Eq. (18)) causes the values of s f and s g to be decreased which improves the accuracy of the boundary conditions significantly. On the other hand, in Ref. [31] we showed that by using the new relaxation time, the form of the slip boundary condition used in the proposed LBM will be equivalent to the higher-order boundary conditions used elsewhere, and consequently, higher Knudsen number flows can be simulated. Similar explanations can be developed for the inlet and outlet boundary conditions.
The simulated 2D porous media are similar to the structures shown in Fig. 1 . Disordered solid blocks are packed between two parallel plates. Porosity e represents the fraction void volume in the porous structure and it is defined as e ¼ ðV À V s Þ=V, where V is the total volume, and V s is the volume of the solid blocks. Figure 2 shows the volumetric flow rate through micro/nano channel without solid blocks between the two parallel plates (e ¼ 1) normalized by Dph 2 =Lð p ffiffiffiffiffiffi RT p Þ. The results of kinetic gas theory, linearized Boltzmann, and standard LBM are also presented. It can be seen from the figure that despite the standard LBM, the present LBM predicts the flow rate in wide range of Knudsen numbers accurately.
The calculated permeability under mesh refinement is shown in Table 1 Tables 2 and 3 present the permeability of the porous structure with e ¼ 1 and e ¼ 0:825 calculated by the modified LBM as well as the results obtained by using the standard LBM [49] .
These results agree very well for flows with Kn less than 0.1, which represents the validation of our results, while by increasing Kn, the deviation between the results of standard LBM [49] and modified LBM increases, which is because of the fact that the standard LBM is accurate only for slip flow regime with Knudsen numbers less than 0.1. Figure 3 shows the volume flow rate as a function of the pressure difference between the inlet and outlet for various porosities and outlet Knudsen numbers, Kn o . The figure presents that the values of velocities is small as the Mach number is less than 0.3. Since the Reynolds number is small, the curves are linear, which is in agreement with Darcy low. By increasing the porosity, the obstacles decreases and the flow rate increases. However, for porous structures with relatively small porosities, the flow rate is affected to a less degree than those having higher levels of porosities. According to the figure, despite the fact that the porosity of the inline structure is less than that of the staggered one, the flow rate is higher. This phenomenon is related to the less tortuosity of the flow path in the inline porous structure.
The effect of Knudsen number on the volume flow rate at mean pressure p ¼ 1:05 Â 10 5 Pa is shown in Fig. 4 . Increasing Kn causes the increase in velocity slip, which leads to increase in flow rate. On the other hand, increase in Kn causes the increase in the collisions of the molecules with the walls. As a result, the effective viscosity increases, which leads to the decrease in flow rate. The net result is that by increasing the Knudsen number, the flow rate decreases initially and has a minimum value about Kn % 0.1-0.2, and then it increases. This phenomenon is called Knudsen's minimum effect. For the pressure-driven flows in nonporous channels (e ¼ 1), this effect occurs at Kn ¼ 1. In Ref. [31] , we showed that despite the standard LBM, the new LBM is able to capture the Knudsen's minimum effect at Kn ¼ 1 for nonporous channels. In the porous structures, the molecular collisions with the walls are more important with respect to the nonporous structures. Therefore, the increase in the effective viscosity is higher and the Knudsen's minimum effect occurs at lower Knudsen numbers. Thus, the Knudsen's minimum effect depends on the porosity and the structure of the porous media.
The average gas permeability is calculated from Eq. (7). The characteristics of Darcy number, Da, are shown in Fig. 5 for various Kn and e. As previously mentioned, Da is a linear function of the reciprocal mean pressure, 1= p which is consistent with the Klinkenberg effect. Because of the gas slippage on the solid boundaries, the friction drag reduces. Thus, the permeability and Darcy number increase with increasing the Knudsen number.
From the figure, we can see that Da decreases evidently as the mean pressure increases, especially for relatively high Knudsen numbers. The reason is that according to the relation Kn ¼ Kn o p o =p for the fixed outlet conditions, by increasing the mean pressure, the Knudsen number and the rarefaction effects decrease, which results in larger flow resistance and lower gas permeability. On the other hand, by increasing Kn o the reduction of the Knudsen number from the outlet to the inlet of the channel increases, so the reduction of the permeability increases. Therefore, the slope of the straight line relating the gas permeability to reciprocal mean pressure decreases.
Regarding the figure, it can be found that as the porosity decreases, the Knudsen number influence on the gas permeability becomes more evident. For example, for the porous structure with e ¼ 0:881, the ratio of the Darcy numbers for two cases, Kn o ¼ 10 and Kn o ¼ 0:0236, is 14.54 while it is 19.77 for the porous structure with e ¼ 0:732. This characteristic can be explained regarding the fact that: as the porosity decreases, generally the total surface area of the solid blocks increases and the slippage effect on the solid surfaces is more dominant, which leads to lower flow resistance through the porous structure. The most important relations for calculation the pressure drop of a fluid flowing through a packed bed of solids are the Ergun (Eq. (20)) [50] and the Carman-Kozeny (Eq. (21)
where q i and u i represent the inlet mean density and velocity, respectively. D p is the equivalent diameter of the particles. First, the value of the equivalent diameter of the body, D p , should be determined. It should be noted that the Ergun and CarmanKozeny relations are able to calculate the pressure drop for continuum incompressible flows with Kn 0:001: To calculate D p we used the method presented in Ref. [49] . A continuum incompressible flow with Kn ¼ 0:001 and Dp ¼ 0:1 Â 10 5 ðPaÞ was considered and u i was determined by using the lattice Boltzmann method. Table 4 shows the equivalent diameter values, determined by comparing the calculated results with the CarmanKozeny equation. Figure 6 compares the calculated results of pressure drops with those of the Ergun and Carman-Kozeny equations for various Knudsen number in slip and transitional flow regimes.
Because of the velocity slip and the rarefaction effects, the dimensionless pressure drop is lower than that of the Ergun and Carman-Kozeny equations at lower Reynolds numbers, qu i D p = ½lð1 À eÞ. However, the discrepancies between the results become lower and eventually the dimensionless pressure drop exceed the results obtained by Ergun equation at larger Reynolds numbers. As the inlet pressure increases, Re increases and the mean Knudsen number of the inlet and outlet decreases. That is, the mean Knudsen number discrepancies are small at higher inlet pressures, which results in the quite close pressure drops.
Note that the Ergun and Carman-Kozeny equations are limited to nearly incompressible flow with a linear pressure distribution along the channel while for the range of Knudsen number used in this work, the compressibility effect is important and causes a nonlinear pressure distribution. The stronger the rarefaction effects, the smaller the deviation from the linear pressure distribution. Therefore, for highest Reynolds numbers, which corresponds to the lowest Knudsen numbers, the pressure drop exceeds the Table 4 The equivalent diameter of the porous structures Transactions of the ASME continuum Ergun equation. Thus, considering the compressibility effects and comparing Eq. (7) with Eq. (3), we rewrite the ordinate as shown in Fig. 7 . From Fig. 7 , we can see that the pressure drops are below the continuum Ergun equation.
Heat Transfer.
In this section, we consider a channel with e ¼ 1 to validate the modified thermal LBM. The developing thermal flow in a micro/nano channel with different porosities is considered. Equations (7) and (8) are solved by using the effective relaxation times presented in Eqs. (13) and (14) . A pressuredriven flow with the uniform inlet temperature T i ¼ 1 is imposed at the inlet of the channel. The channel outlet is fixed at atmospheric pressure with the fully developed temperature profile. It is assumed that the channel walls are heated uniformly with a constant temperature T w ¼ 10. In this section, the diffuse scattering boundary condition (DSBC) [52, 53] is imposed on the solid walls to predict the slip velocity and temperature jump. Figure 8 compares the values of Nusselt number, Nu, at the fully developed region of the channel with e ¼ 1 obtained from the modified LBM with the results based on the DSMC method [54] . It can be seen from the figure that the results, have good agreement for Kn 0:2.
For the porous structure shown in Fig. 9 with the inlet and outlet temperatures T i and T o the heat flux of the fluid is
where _ m and c p are the mass flow rate and specific heat capacity. The outlet temperature is obtained by the extrapolation method. The average Nusselt number can be calculated as Fig. 10 The Knudsen number effect on the mean temperature along the channel for p i =p o 5 1:1 Fig. 11 The effect of Knudsen number at the channel outlet on the average Nusselt number Fig. 12 The porosity effect on the mean Nusselt number Fig. 13 The porosity effect on the mean temperature distribution along the channel
where c is the gas thermal conductivity and A is the total surface area of the solid surfaces. For the present study, the flowing fluid is air with Pr ¼ 0:7 and c p ¼ 1:0035 ðkJ=kg KÞ. To study the Knudsen number effects on the temperature distribution, variation of the mean temperature along the channel is plotted in Fig. 10 . In the entrance region, increasing Kn causes the temperature jump to be increased leading to less amount of heat transfer from the wall to the fluid. Hence, the thermal entrance length is increased as Knudsen number increases. On the other hand, increasing Kn increases Nu due to increase in mass flow rate. It can be concluded from the figure that at the entrance region of the channel, the temperature jump is dominant factor in determining the Nusselt number. In other words, in the entrance region, the decrease of Nusselt number due to the increase of temperature jump dominates the increase of Nusselt number due to the increase of mass flow rate. Figure 11 shows the effect of Knudsen number at the channel outlet on the average Nusselt number. The increase of Kn has two opposite effects on the Nusselt number. The first effect is that it increases the temperature jump. Therefore, the Nusselt number decreases. The second effect is that it leads to increase the slip velocity at the wall, since larger amount of fluid is moved near the wall. As a result, larger amount of fluid absorbs heat from the wall, so Nusselt number increases. It can be noted that by increasing the Knudsen number, the Nusselt number decreases initially and has a minimum value around Kn ¼ 0.1, and then it increases. The effect of Kn on the Nusselt number is similar to its effect on the mass flow rate (Fig. 4) . It can be concluded that for the current conditions, the effect of mass flow rate on the Nusselt number is more significant as compared with the effect of temperature jump. Figure 12 shows the effect of porosity on the mean Nusselt number. At fixed Knudsen numbers and pressure ratios, there are two opposite trends which the porosity affects the Nusselt number. Any increase in porosity would result in an increase in mass flow rate causing the Nusselt number to increase. On the other hand, with increasing porosity the net surface of the solid obstacles decreases, which leads to decrease in heat transfer area and Nusselt number. The figure shows that the effect of mass flow rate on the Nusselt number dominates the effect of heat transfer area. This in turn causes an increase in Nu as porosity increases.
The porosity effect on the mean temperature distribution along the channel length is shown in Fig. 13 . The curve shows that with decreasing the porosity, the contact surface between the solid particles and fluid increases, which leads to the increase in mean temperature. Figure 14 shows the effect of particle size on the heat transfer. The symbols L and S indicate the inline and staggered porous structures, respectively. The figure indicates that while the porosity of three structures is relatively close together, an enhanced heat transfer is observed for the inline and staggered porous structures. The reason is that the solid blocks in the inline and staggered structures are smaller, so the heat transfer area is larger. It can be concluded that as the obstacle sizes in the porous media decreases, the thermal performance of the porous media increases. We also conclude that the inline configuration has the highest heat transfer rate and lower pressure drop.
Conclusion
A lattice Boltzmann model is presented for the case of flow in micro/nano channels filled with porous media which can take into account the influence of gas rarefactions for wide range of flow regimes. Different porosities and Knudsen numbers are used and the effects of each parameter on the hydrodynamics and heat transfer are considered and discussed. The following conclusions can be drawn from the results:
(1) The Knudsen's minimum effect occurs at Kn ¼ 0.1 because of the tortuosity effects. (2) For the same porous structure, Da increases with the increase of Knudsen number, but the rarefaction influence is more evident for low-porosity structures. (3) Because of the velocity slip on solid boundaries, the dimensionless pressure drop is lower than that of the Ergun and Carman-Kozeny equations. (4) The effect of Kn on the Nusselt number is similar to the Knudsen's minimum effect. There is a minimum in the curve Nu versus Kn. (5) For the same porosity, the inline porous structure with the smaller obstacles has the most efficient heat transfer. 
